Six Alpine rocks were investigated for high-temperature thermal-energy storage. The rocks were cycled between 100 and 600°C with a heating rate of 2.6°C/min. Cycling decreases the specific heat capacity and increases the porosity 
Introduction
Meeting the rising global energy demand and mitigating the effects of climate change require the exploitation of renewable energy sources. Because most of these sources are intermittent, making them available around-the-clock requires energy storage. Thermal-energy storage (TES) is a storage technology that is already used in concentrated solar power (CSP) plants, see Kuravi et al. [1] , and will be a key component of advanced adiabatic compressed air energy storage (AA-CAES) power plants, see Budt et al. [2] . TES systems that store thermal energy in the form of sensible heat are the simplest, most mature, and hence most widely used. For CSP plants that use thermal oils or molten salts as the heattransfer fluid (HTF), a common sensible TES system is two-tank molten-salt storage, see Kearney et al. [3] and Herrmann et al. [4] . This system has several disadvantages. First, the relatively high solidification temperatures of molten salt (about 220 C for solar salt) necessitate the installation of heaters. Second, the relatively low maximum temperatures of molten salt (about 600 C for solar salt) limit power-block efficiencies. Third, the comparatively high costs of molten salt and the need for two tanks result in high storage-system costs. These disadvantages can be mitigated or avoided by using a single tank filled with solid material that is heated and cooled with air as HTF, see, e.g., Good et al. [5] . This type of storage system is particularly well suited to AA-CAES because the power cycle uses air as the working fluid.
To be considered suitable for TES systems in CSP and AA-CAES plants, solid materials need to satisfy several criteria, including high values of thermophysical properties such as the thermal conductivity, specific heat capacity, and material density and low values of the porosity, see, e.g., Kuravi et al. [1] and Khare et al. [6] . High values of the thermal conductivity, specific heat capacity, and density ensure good unsteady heat exchange with the air and hence high storage efficiencies. High values of the specific heat capacity and density result in a large volumetric heat capacity and therefore enable compact storage systems. Low values of the porosity imply large values of the bulk density, see Bell [7] and Lee and Rainforth [8, p. 73] , and the uniaxial compressive strength, see Hoshino [9] and Lee and Rainforth [8, p. 89] . High values of the uniaxial compressive strength are required to avoid fracture and disintegration of the material, which can lead to an increase of the pumping work, clogging of the storage, and may erode the turbine blades in an AA-CAES plant. Among solid materials that satisfy the above criteria, rocks are considered attractive because they are available at low cost due to their abundance.
A sensible TES system based on a packed bed of rocks was demonstrated by Zanganeh et al. [10] with temperatures of up to 650 C. Rocks are especially attractive for AA-CAES plants whose storage caverns are excavated from rock formations because the storage material is a free by-product of the plant construction. Park et al. [11] presented simulations of an AA-CAES plant with a rock cavern and a TES unit based on a packed bed of rocks. In their simulations, the storage was cycled between temperatures of 20 C and 685 C. Although rocks are regarded as an attractive material for TES at high temperatures, relevant experimental data on their thermophysical and mechanical properties is relatively limited. Most studies have been performed in a geophysical context and focused on the effects of heating to a specific temperature, see, e.g., Somerton et al. [12] and Bauer and Johnson [13] . Early studies were reviewed by Pfannkuch and Edens, see Appendix A-4 in Riaz [14] , from the perspective of using rocks as a storage material up to 500 C. Their review focused on experimental data for the specific heat capacity, thermal conductivity, and thermal diffusivity of rocks and rockforming minerals. They reported that the thermal conductivity, thermal expansion, and sound velocity decrease with thermal cycling. Particularly relevant are the cycling studies of Poole [15, 16] . In the first study, Poole [15] measured a reduction of the thermal conductivity during three cycles up to 366 C with negligibly small heating rates for limestone and 537 C for granite. In the second study, Poole [16] reported a reduction in the thermal conductivity of basalt after two cycles up to 600 C. Poole attributed the reductions to the release of carbon dioxide by the limestone and the formation of microcracks in the basalt and granite. Pfannkuch and Edens concluded their review by suggesting that granites and quartzitic rocks are suitable for TES.
Riaz [14] reported what appears to be the first dedicated experimental investigation of the suitability of rocks for TES. The uniaxial compressive strength, tensile strength, weight loss, and length change were measured on seven North American rocks (basalt, granodiorite, quartzite, two sandstones, and two limestones) after 3, 10, 30, and 100 cycles between 100 C and 500 C at an average heating/cooling rate of at least 13:9 C/min. Riaz [14] concluded that because of their higher strength, basalt, quartzite, and granodiorite would be better suited for TES than weaker sedimentary rocks such as limestone and sandstone.
Geiger [17] assessed the resistance to thermal cycling of eight rocks from Switzerland (limestone, Helvetic siliceous limestone, serpentinite, dolerite, granite, gneiss, peridotite, and amphibolite). The mass loss and the degree of fracturing and disintegration of the samples were evaluated after seven thermal cycles with 460 h at either 500 C or 600 C with unspecified heating and cooling rates. The limestones were judged unsuitable for TES due to fracturing. The granite showed signs of the formation of microcracks that were attributed to the a-b quartz inversion at 573 C. The serpentinite and dolerite showed cracking but no fracturing. The gneiss, peridotite, and amphibolite did not exhibit any visible macroscopic changes. Geiger [17] also investigated two rocks from Jordan (quartzite and basalt) by performing seven thermal cycles with 21 h at 550 C. The quartzite fractured after just one cycle. The basalt did not exhibit any macroscopically visible damage.
Allen et al. [18] presented a comprehensive literature review and investigated rocks of South African origin (gneiss, granite, pegmatite, dolerite, sandstone, hornfelsic shale, and greywacke). The rocks were cycled approximately 950 times between average temperatures of 350 C and 500-530 C at 2 C/min and assessed in terms of the degree of fracturing and disintegration. They 4 rocks, like sandstone and greywacke, might also be suitable although they are generally discarded for TES. Finally, they observed that some gneiss samples withstood thermal cycling well but others did not. This observation is not entirely surprising because the composition, texture, and structure of different samples of the same rock class can vary and, together with different weathering conditions, significantly affect their properties. As a result, Allen et al. [18] recommend that studies of rock properties must be site-specific, as already suggested by Pfannkuch and Edens. Tiskatine et al. [21] studied rocks from Morocco (limestone, granite, rhyolite, marble, and quartzitic sandstone). The rocks were thermally cycled up to 120 times between 20 C and 650 C at heating and cooling rates of 25 C/min and À20 C/min, respectively. The hardness was measured for several cycle numbers and used to infer the compressive strength. They showed that rhyolite withstood thermal cycling without a decrease in hardness and that limestone, marble, and granite exhibited significant drops in hardness before cracking. The quartzitic sandstone was said to have withstood thermal cycling also, but no results were shown.
The results of Tiskatine et al. [21] and Riaz [14] were obtained for heating/cooling rates that are significantly higher than those typically observed in packed-bed TES at steady cycling conditions. They justified the higher rates by noting that this allowed the number of cycles to be reduced. In effect, they assumed that a smaller number of cycles with higher heating/cooling rates is equivalent to a larger number of cycles with lower heating/cooling rates. For igneous rocks, this equivalence does not hold as shown by Richter and Simmons [22] and Cooper and Simmons [23] . They demonstrated that high heating rates generate thermal-gradient cracks due to inhomogeneous strain induced by temperature gradients. Thermal-gradient cracks are fundamentally different from thermal-cycling cracks, which are due to inhomogeneous strain caused by a mismatch of thermal expansions at grain boundaries. To avoid thermal-gradient cracks, Richter and Simmons [22] recommended heating rates no greater than 2 C/min in 6 mm rock specimens. The implication for the study of rocks suitable for TES applications is clear: Using heating rates that are higher than those to which rocks would typically be exposed can lead to the erroneous rejection of suitable rocks.
Grirate et al. [24] investigated the suitability of six rocks from Morocco (quartzite, basalt, granite, hornfels, cipolin, and marble) as storage material for TES using thermal oil as HTF. They measured the mass loss, thermal capacity, and thermal conductivity up to 400 C; 300 C, and 250 C, respectively, and compared the performance of the rocks by simulating a TES. They concluded that basalt is the best storage material and that its incompatibility with thermal oil means that it is best suited to alternative HTFs such as air. Cipolin and quartzite were proposed as the most suitable storage materials for thermal oil.
Jemmal et al. [25] studied two gneiss samples from Morocco and reported measurements of the specific heat capacity and thermal diffusivity up to 1000 C. They concluded that gneiss is a suitable storage material for temperatures up to 550
C. The present state of knowledge regarding the suitability of rocks for high-temperature storage can be summarized as follows:
1. Judging from the lack of fracturing and disintegration under thermal cycling, some igneous rocks (basalt and dolerite) and metamorphic rocks (gneiss) were found to be suitable for high-temperature TES by at least two studies, see Table 1 . Among sedimentary rocks, sandstone was investigated in three studies, but the agreement regarding its suitability for TES is not unanimous. 2. The only quantitative assessment of the effect of thermal cycling is on the thermal conductivity and the compressive strength/hardness of rocks. The heating/cooling rates that were used to obtain these results were either unspecified or higher than those that would typically be encountered in packed-bed TES at steady cycling conditions. Therefore, the literature lacks a quantitative assessment of the effect of thermal cycling on the specific heat capacity and porosity of rocks. Filling this gap is the first objective of our study. In contrast to the studies by Tiskatine et al. [21] and Riaz [14] , we use a heating rate that is representative of those in packed-bed TES at steady cycling conditions. The determination of the heating rate will be covered in Section 2.
We have studied six Alpine rocks. Our interest in Alpine rocks as storage material is rooted in the investigation of AA-CAES for largescale energy storage in Switzerland. Using rocks from local or regional sources or from the excavation of the storage cavern is attractive because it lowers capital costs and the life-cycle impact of an AA-CAES plant. Five of the rocks come from fluvial deposits near Zurich, Switzerland. Rocks from these deposits were used in the 6:5 MWh and 41 kWh storage units described by Zanganeh et al. [10, 26] and Geissbühler et al. [27] . The sixth rock is a serpentinite from the Italian Alps. To our knowledge, serpentinite has so far not been used for high-temperature TES. The six rocks will be described in detail in Section 3.
The second objective of our study is to qualitatively assess the above-mentioned six Alpine rocks with respect to their resistance to thermal cycling. Although the Alpine rocks investigated in our study partially overlap with the Alpine rocks considered by Geiger [17] and the South African and Moroccan rocks considered by Allen et al. [18] and Tiskatine et al. [21] , our qualitative assessment of the thermal resistance is justified for two reasons. First, Geiger [17] did not state the heating/cooling rates. Second, Allen et al. [18] recommended that the study of rock properties be sitespecific.
Thermal-cycling conditions
The thermal-cycling conditions used in this study were determined from simulations of a 23 MWh industrial-scale TES. The simulations were carried out with the model of Geissbühler et al. [27] . The geometry of the storage with a height of 4 m and upper and lower radii of 6 m and 5 m is identical to that of the packedbed storage unit built by Airlight Energy in Ait Baha, Morocco, see Zanganeh et al. [28] . The storage is charged and discharged for 4 h each with air at 600 C and 20 C, respectively. These conditions are representative of prospective AA-CAES plants, see Barbour et al. [29] . The air mass flow rate of 8:7 kg=s was chosen to 1 Igneous rocks result from the cooling and solidification of magma, see Demange [19, p. 15 keep the maximum air outflow temperature during charging sufficiently low to reach high storage efficiencies and to protect the rock cavern, see Park et al. [11] . The packed bed consists of the above-mentioned five rocks from the fluvial deposits and has a porosity of 0:342. The rocks have an average diameter of 3 cm and a sphericity factor of 0:6. For simplicity, the rock porosity is neglected in the simulations. The average specific heat capacity of the rocks is calculated from a correlation derived from the measurements presented in Section 5.1,
where the temperature is in C. The simulated thermocline profiles at the ends of the charge and discharge phases during steady cycling are presented in Fig. 1(a) . The four horizontal lines indicate locations in the packed bed for which the temperature and its time derivative are plotted as a function of time for one charge/discharge cycle in Fig. 1(b) and (c), respectively. From these figures, we draw two important conclusions. First, the temperature ranges and heating/cooling rates to which rocks are subjected depend on their location in the storage. Rocks near the top of the packed bed are cycled in a narrow temperature range of 571-600 C and experience the largest heating rate of 2:6 C/min. Rocks near the bottom are cycled in a narrow temperature range of C and are exposed to the largest cooling rate of À5:0 C/min. Rocks placed near the mid-height of the packed bed are cycled over larger temperature ranges and need to withstand lower heating and cooling rates. Second, the location-dependent temperature ranges and heating/cooling rates mean that a given rock might be suitable near the bottom but not at the top of the packed bed. Therefore, it would in principle be necessary for each rock to be investigated for several combinations of temperature ranges and heating and cooling rates. This was judged to be impractical within the constraints of this experimental study. Instead, we investigate rocks for a single temperature range and a single heating rate.
In our experimental study, the average temperature range and heating rate were chosen as 110-600 C and 2:6 C/min. The minimum temperature was raised from 20 C to 110 C to shorten the duration of the cycling experiments. Below temperatures of 100 C, only physical reactions such as free and combined water desorption occur, see Somerton [30] and Sun et al. [31] , justifying the increase of the minimum cycling temperature. The heating rate of 2:6 C/min was chosen because it is the maximum heating rate experienced by the rocks in the simulations at the quasi-steady state. The maximum cooling rate is not accounted for since rocks exposed to this rate experience maximum temperatures of only 61 C. We have chosen to extract the thermal-cycling conditions when the simulated storage attained steady cycling conditions. This results in lower heating and cooling rates than if the thermalcycling conditions had been extracted from the first cycle. For example, the simulations indicate that the heating rate at the top of the packed bed during the first charging phase is approximately 70 C/min. If rocks that are judged to be suitable based on the chosen heating rate of 2:6 C/min are found to fracture or disintegrate at heating rates of 70 C/min, which appears likely based on the findings of Richter and Simmons [22] and Cooper and Simmons [23] , the charging conditions would need to be adapted accordingly.
Description of rocks
As mentioned in the Introduction, we considered six rocks. Five of them were excavated from quaternary fluvial deposits near Zurich, Switzerland. Because the river responsible for the deposits is alimented by a large hydrographic basin, the deposits contain a wide variety of rocks that originated in disparate pre-alpine Table 1 Summary of literature results on the resistance of rocks to high-temperature thermal cycling. The symbols U and indicate that the author(s) concluded that a particular rock was suitable or unsuitable, respectively. The symbol (U) indicates that the author(s) presented ambiguous information regarding the suitability of the given rock (e.g., the rock showed cracking or flaking but no fracturing). The number of cycles, minimum and maximum cycling temperatures, and heating rate used by the authors are reported in the text.
geological formations. The collection of rocks obtained from the deposits was found to be composed mainly of sedimentary rocks, while metamorphic and igneous rocks, both mafic and felsic in chemical composition, were less abundant. The sixth rock was a serpentinite that was quarried in Val Malenco in the Italian Alps. The heterogeneity of the rock population was tackled by defining six broad rock classes: mafic rocks, felsic rocks, calcareous sandstones, limestones, quartz-rich conglomerates, and serpentinites, see Table 2 .
A petrographic analysis was carried out by polarizing optical microscopy on thin sections to evaluate the mineralogy and microstructure of rocks from the six classes. The mineralogy and microstructure are important because they influence the thermomechanical responses of the rocks to thermal cycling. Typical optical microscopy images of rock samples of the six classes prior to thermal cycling are shown in Fig. 2 .
We classified as mafic rocks those igneous and metamorphic rocks whose composition is dominated by Fe-and Mg-rich minerals and that have low quartz content. In our rock collection, this class included mainly amphibolites and some gabbros. Amphibolites are weakly foliated medium-grade metamorphic rocks formed by regional metamorphism 5 of a broad range of protoliths (parent rocks), the most common being igneous mafic rocks. Amphibolites are mainly composed of anhydrous minerals such as feldspars and hydrate minerals such as amphiboles. Hydrate minerals are minerals that contain water molecules in the crystal structure and that can undergo dehydration at sufficiently high temperatures. Fig. 2(a) shows the optical microscopy image of an amphibolite from our collection. This rock is composed of green hornblende (mineral from the amphibole group), plagioclase (mineral from the feldspar group), and chlorite. The plagioclase shows extensive retrograde metamorphism 6 in sericite minerals (minerals from the clay group). The sample shows spaced and pervasive microfractures crosscutting the foliation with filling of sericitic composition. Gabbros, the second rock in this class, are intrusive igneous rocks composed of anhydrous minerals such as feldspars and pyroxenes. The class of felsic rocks includes igneous and metamorphic rocks that are rich in feldspars and silica minerals (minerals whose crystal structure is composed of or contains silicon dioxide SiO 2 ). In our collection, this class consisted mostly of schists, which were formed by regional metamorphism of a wide range of protoliths with acidic composition. The felsic rock shown in Fig. 2 (b) is composed mainly of muscovite (hydrate mineral from the mica group), chlorite, and quartz (SiO 2 ).
Sandstones are lithified granular sediments composed of a framework of sand-size (0:06-2 mm) grains, often quartz and/or feldspars, and interstitial cement of carbonatic or silicatic composition. The sandstones in our collection, an example of which is shown in Fig. 2 Fig. 2(d) . The sample is composed of an abundant carbonatic matrix containing small rounded grains of volcanic quartz and weathering 7 materials such as altered feldspars. These minerals are almost totally substituted by a fine-grained aggregate of the products of their decomposition, which are micas and clay minerals.
Conglomerates are clastic sedimentary rocks whose framework is composed of gravel-size (greater than 2 mm) clasts of various T ( Fig. 1 . Simulation results for a packed-bed industrial-scale TES with charging and discharging cycles of 4 h each at quasi-steady state: (a) thermocline profiles at the end of the charging and discharging phases, (b) temperature profiles during a charge/discharge cycle for the vertical locations indicated in (a), and (c) heating/cooling rates during a charge/discharge cycle for the vertical locations indicated in (a). 5 Regional metamorphisms act on large volumes of rocks and the metamorphic effects of a specific mountain-building episode are found over large, regional-scale dimensions, see Bucher and Grapes [32, p. 8]. 6 Retrograde metamorphisms occur during uplift and cooling of a rock at temperatures lower than those to which the rock was subjected at some unspecified earlier time. The reactions occurring during this process are predominantly hydrations, see Sanford [33] . 7 Weathering is the substitution of primary minerals with aggregates of other minerals, generally hydrate and fine-grained minerals. Weathering changes the microstructure and the chemistry of the rock.
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compositions and origins. In our collection, this class consisted of Verrucano, a quartz-rich coarse-grained sedimentary rock, typically poor in cement, see Fig. 2 (e). The most abundant component is quartz, mainly in mono-crystalline clasts, but also in polycrystalline fragments. Feldspars are also present and are partly transformed into sericite or calcite. Serpentinite, which is a mafic metamorphic rock, is a product of a low-temperature metamorphic process in which low-silica mafic and ultramafic rocks, such as olivine and pyroxenes, are oxidized and hydrolyzed according to the serpentinization reaction. If the reaction is pervasive, the resulting rock is almost entirely composed of minerals from the serpentine group (antigorite, chrysotile, lizardite), as in the case of our sample shown in Fig. 2 4 (not indicated in Fig. 2 (f) because of their pervasiveness) and crystals of magnesium (magnetite) and iron oxides (brucite, not indicated in Fig. 2(f) ). Foliation and lineation are defined by oriented platy serpentine grains and elongated magnetite aggregations. This sample shows homogeneity both in grain size and in orientation of the platelets.
From the petrographic analysis, we formulate three hypotheses about the response of the rocks to thermal cycling. First, we observe that the hydrate minerals sericite, chlorite, muscovite, and hornblende are present in varying amounts in the mafic and felsic rocks, the calcareous sandstone, and the quartz-rich conglomerate. The ranges of the dehydration temperatures of these minerals are listed in Table 3 . Since the dehydration of sericite and chlorite starts at temperatures below the maximum cycling temperature of 620°C, we expect that rocks containing these minerals will dehydrate during thermal cycling. The dehydration, in turn, might affect the thermal and mechanical properties of the rocks. In addition to hydrate minerals, minerals that are products of weathering also can dehydrate at high temperatures. Therefore, our first hypothesis is that thermal cycling affects the thermal and mechanical properties of the rocks and that the extent of the degradation depends on the abundance of the hydrate minerals in and on the weathering of the rocks.
Similarly, we expect a transformation due to dehydration in the serpentinite. In contrast to the dehydration of hydrate and clay minerals described above, the dehydration of the serpentinite involves the entire rock. The serpentinite has no tracks of weathering, but is in itself the product of a deep and complete retrograde hydrate metamorphism. The opposite process, the dehydration of serpentine minerals, that constitute more than 90% of the rock, is possible at relatively low temperatures (above about 350 C), see Berman et al. [39] , within the temperature range of our thermal cycling. During dehydration, serpentine turns into forsterite (a mineral from the olivine group), and water according to the metastable deserpentinization reaction, see Tyburczy and Aherns [40] and Dungan [41] , serpentine þ brucite forsterite þ water:
Second, we hypothesize from the optical microscopy results that the high quartz content might damage rocks rich in this mineral (i.e., sandstones and quartz-rich conglomerates) upon thermal cycling. Chaki et al. [42] find that the anisotropic expansion of quartz occurring during its a-b phase transition at 573 C strongly damages granite samples. Moreover, Allen et al. [18] and Tiskatine et al. [21] found that rocks with high quartz content are unsuitable for thermal cycling at high temperatures due to the differential expansion of quartz, which has a significantly larger volumetric coefficient of expansion compared to other minerals, thereby favoring cracking and disintegration. However, it is also reported that the strength of rocks usually increases with quartz content, see Allen et al. [18] . Therefore, rocks containing quartz as binding cement might be suitable for the low and middle sections of the storage where temperatures are lower and greater mechanical strength is required.
The last hypothesis concerns the effects of calcite, of which limestones are rich, on the behavior of the rocks. The maximum cycling temperature might cause the irreversible decomposition of calcite to calcium oxide (lime) and carbon dioxide according to the calcination or decarbonation reaction, CaCO 3ðsÞ CaO ðsÞ þ CO 2ðgÞ :
Although the complete reaction is generally reported to happen at temperatures above 800 C, see Somerton and Boozer [43] , several articles show that the decarbonation reaction starts already at temperatures as low as 600 C, see, e.g., Barcina et al. [44] . In addition, Fredrich and Wong [45] report that in calcitic rocks the anomalous thermal-expansion anisotropy of calcite induces thermal cracking, suggesting that these rocks might undergo permanent changes even before the calcination reaction starts to occur. It is important to note that calcite is abundant not only in limestones, but also as cement in sandstones and as a weathering product of calcium feldspars in mafic and felsic rocks.
Experimental procedure

Thermal cycling
The effects of charging-discharging cycles on the rocks in a packed bed were simulated by exposing rock samples to consecutive thermal cycles in laboratory furnaces. The effects were assessed qualitatively and quantitatively.
The qualitative assessment was carried out by visual inspection of rock samples of about 3 cm diameter before and after their exposure to 20 thermal cycles in a laboratory furnace (Nabertherm L5/12 equipped with digital temperature controller Nabertherm P330). The measured minimum and maximum temperatures of the cycles were about 90°C and 585 C and the heating rate was 2:6 C/min. The temperature measured during cooling follows an exponential decay with an initial cooling rate of À2:3 C/min. The temperatures were measured by a K-type thermocouple placed between one rock sample and the furnace floor. The visual inspection included evaluating surface changes as well as the degree of cracking, fracturing, and disintegration, the latter being defined as the reduction of the samples to sand and clay.
The quantitative assessment consisted of measuring the specific heat capacity and the porosity of the rocks before and after thermal cycling in a second laboratory furnace (Celsius equipped with a digital temperature controller Eurotherm 808), in which the temperature was again measured by a K-type thermocouple. The measurements were carried out on cylindrical specimens that were extracted from the rocks by drilling. The measured minimum and maximum temperatures in the furnace were about 135°C and 620 C and the heating rate was 2:6 C/min. The temperature measured during cooling follows an exponential decay with an initial cooling rate of À2:8 C/min.
Measurement methods
The specific heat capacity was measured with a differential scanning calorimeter (Setaram SetSys Evolution) in the temperature range 100-735 C at 10 C/min. The heating rate is higher than that used for the thermal cycling in the furnaces for improved sensitivity, see Nijman [46] . Crucibles made of aluminum oxide and argon as inert gas (with a volume flow rate of 50 ml/min) were used during the measurements. Fused quartz was chosen as the reference material and its specific heat capacity was calculated from the correlation of Kelley [47] . Because differential scanning calorimetry (DSC) is based on thermal cycling, it can alter the mineralogical composition of the rock samples if they undergo irreversible reactions during cycling. Since we anticipate that such reactions occur during thermal cycling, the DSC measurements are expected to interfere with the effects of the thermal cycling in the laboratory furnace. To avoid this interference, the DSC measurements were carried out on a set of fresh samples and on a second set of samples that had undergone 20 cycles. The samples were extruded from the same rock and had a length of about 5 mm and a mass of about 60 mg.
It should be noted that DSC measurements provide the apparent specific heat capacity because they are affected by the heat released/consumed by possible exo/endothermic reactions. For simplicity, we refer to the result of a DSC measurement as the specific heat capacity.
The porosity was measured using three samples for each rock class. Three samples were necessary to determine the porosity before thermal cycling and after 20 and 40 cycles. The samples had a diameter of 10 mm, a length between 20 mm and 50 mm, and were drilled from different rocks. Because the rocks from the fluvial deposits had an average diameter of only about 30 mm and were shaped irregularly, it was usually impossible to extract more than one specimen from a single rock. Therefore, we were forced to extract specimens from different rocks of the same rock class when repeating measurements. We calculated the total porosity of each sample, defined as the ratio of the interconnected pore volume and the bulk volume. The interconnected pore volume was measured with a helium pycnometer (Micrometrics AccuPyc 1330), calibrated using a steel sphere of known volume. The bulk volume was determined with a Vernier caliper.
Before the measurements, all samples were heated to 105 C for 24 h to ensure that there was no adsorbed water. Fig. 3 shows the specific heat capacity prior to thermal cycling for samples of the mafic rock, the felsic rock, the calcareous sandstone, and the quartz-rich conglomerate for the temperature range 100-550 C, just below the quartz-inversion temperature. Fig. 4 shows the specific heat capacity measured prior to thermal cycling for the limestone and the serpentinite up to 735 C. For these rocks, a larger temperature range is plotted to identify the temperatures at which the decarbonation and the deserpentinization reactions are initiated. Due to the lack of detailed experimental data for the specific heat capacity of rocks at high temperatures, we compare our measurements to values obtained from the regression equation of Waples and Waples [48] . Their equation gives the specific heat capacity of any rock as a function of the temperature, given the measured value of the specific heat capacity of that rock at a reference temperature, We note that the agreement between our measurements and the regression lines is good for all rocks in the sense that our measurements are close to one regression line or between regression lines. We also note that the measured specific heat capacities of limestone and serpentinite exhibit steep increases above approximately 600 C. The increases are caused by endothermic reactions that are not captured by Eq. (4). In the limestone, the endothermic reaction is the decarbonation of calcite described by Eq. (3). Our measurements show that this reaction starts above 600 C, consistent with the data presented by Barcina et al. [44] . In the serpentinite, the endothermic reaction is the dehydration of serpentine described by Eq. (2). Berman et al. [39] report that the reversible dehydration of serpentine at ambient pressure can start at temperatures above 400 C, in agreement with our measurements. Neither reaction reaches full conversion for our experimental conditions as indicated by the absence of a complete and well-defined peak in the specific heat capacity. The absence of a peak is expected for the limestone based on the findings of Borgwardt [54] , who studied the calcination rates of limestone micro-particles for temperatures of 516-1000 C and showed that the time for full conversion increases at lower temperatures. It is important to note that the inert atmosphere in the DSC measurements causes a shift towards the reaction products. Therefore, in a real TES that uses air as the HTF, we expect the reactions to start at higher temperatures than in our measurements.
Results
Specific heat capacity
We now turn our attention to the effects of thermal cycling on the specific heat capacity. The measured specific heat capacities before and after thermal cycling are shown in Figs. 5 and 6. We observe that all samples exhibit an overall decrease in the specific heat capacity after thermal cycling. To the authors' best knowledge, this effect of thermal cycling has not been reported in the literature. We considered two explanations of this effect. The first explanation traces the decrease to the use of different samples before and after thermal cycling. As explained in Section 4.2, different samples of a given rock class were used to separate the effects of cycling in the furnace from those in the DSC measurements. If the samples strongly influenced the specific heat capacity, we would expect to see both increases and decreases in the specific heat capacity of all rock classes. However, we observe only decreases for all rock classes and therefore we discard the first explanation.
The second explanation asserts that the decreases in the specific heat capacities are caused by reactions that alter the mineralogical and chemical composition of the rocks. In the following, we provide qualitative explanations for these decreases. These explanations consider the reactions that occur in the rocks in the temperature range studied in our work and the hypotheses formulated in Section 3 based on the analysis of the mineralogy and microstructure of the rocks.
Below 100 C, no reactions occur except for the evaporation of water adsorbed on the surface of the samples. The evaporation of water below 100 C is minimized by the preheating described in Section 4.2. Between 100 C and about 200 C, free and combined water is evaporated and the desorption reactions of clay and hydrate minerals occur as described by Somerton [30] and Tian et al. [55] . Starting at about 400 C, clay minerals, hydrate minerals, and minerals that are products of weathering start to decompose, driving off bound water in the form of hydroxyl ions, see Somerton [30] and Tian et al. [55] . The release of water from a felsic sample above 400 C was confirmed by mass spectrometry of the gases leaving the DSC. Since water has a specific heat capacity that is approximately four times higher than that of rocks, we hypothesize that the decreases in the specific heat capacities during thermal cycling are caused by dehydration.
This explanation is supported qualitatively by the results presented in Fig. 5 . The felsic rock sample exhibits the largest decrease of almost 40% of its specific heat capacity at 550 C. This is consistent with Fig. 2(b) , which shows the felsic rock being rich in chlorite, and with Table 3 , which indicates that the dehydration temperature of chlorite is below the maximum cycling temperature. Conversely, the mafic rock sample exhibits the smallest decrease of about 11% of its specific heat capacity at 550 C. This is consistent with Fig. 2(a) , which indicates that the mafic rock is rich in hornblende, and with Table 3 , which states that hornblende dehydrates at temperatures that are higher than the maximum cycling temperature. Similarly, the sandstone and the quartz-rich conglomerate contain chlorite and sericite, see Fig. 2(c) and (e), which dehydrate at temperatures lower than the maximum cycling temperature. However, since these rocks are composed mostly of quartz, the decreases in their specific heat capacities at 550 C of about 18% and 14%, respectively, are smaller than that of the felsic rock. 4) indicates the source of the measured specific heat capacity and the reference temperature: C = Cermak and Rybach [49] , D = Dortman [50] , Me = Mel'nikova et al. [52] .
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The decrease in the specific heat capacity of the limestone is mainly due to the dehydration of weathering and hydrate minerals, see Fig. 2(d) . In addition, the decarbonation reaction occurring at temperatures above 600 C contributes to the lowering of the specific heat capacity. The release of CO 2 from a sandstone sample was confirmed by mass spectrometry of the gases leaving the DSC. For the serpentinite, the decrease in the specific heat capacity after thermal cycling is attributed to the loss of water through the deserpentinization reaction at temperatures above 600
C. Due to the short exposure of these samples to the reaction temperatures, we hypothesize that the reaction kinetics of the decarbonation and deserpentinization are sufficiently slow that the reactions do not reach full conversion and are still proceeding in the samples at high temperature after 20 thermal cycles.
In summary, the decrease in the specific heat capacity of the investigated rocks by thermal cycling is attributed to (a) the dehydration of clay, hydrate, and weathering minerals at temperatures above 400 C in rocks containing these minerals, (b) the deserpentinization reaction at temperatures above 600 C in the serpentinite, and (c) decarbonation occurring at temperatures above 600 C in rocks with high calcite content such as limestones. 
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Before cycling After cycling (a) Limestone (L2) ( b) Serpentinite (S1) Fig. 6 . Comparison of specific heat capacity before and after thermal cycling of samples of limestone and serpentinite.
Porosity
The porosity of the rock samples before thermal cycling is presented in Fig. 7 . We observe large variations of the porosity across rock classes, ranging from 0:12 % for a mafic rock sample to 14 % for a calcareous sandstone sample. In addition, except for felsic rocks and limestones, the porosity varies greatly even among samples of the same rock class, by up to a factor of about 17 for the mafic rocks. This spread is partly due to the heterogeneity of our rock collection as mentioned in Section 3. Fig. 7 also shows ranges of porosities reported in the literature for the rock classes considered in this work. We did not include a comparison with literature values for rocks belonging to the class of quartz-rich conglomerates because of its broad definition and because such rocks are mainly studied in the field rather than in the laboratory, see Boggs [34, p. 165] . Overall, we observe good agreement between our measurements and values reported in the literature.
In Fig. 8 , we show the porosities after 20 and 40 thermal cycles normalized by the porosities before thermal cycling. It should be noted that the ordinates of the plots in the left and right columns are different; this is also indicated by the gray background. We observe that all rock samples exhibit an increase in the measured porosity with the number of cycles and that one felsic rock sample, two calcareous sandstone samples, and two limestone samples disintegrated after 20 cycles. One mafic rock sample as well as the serpentinite and limestone samples show the largest increases in the normalized porosity, up to almost 16 times (samples M1 and L4). The felsic rock, calcareous sandstone, and quartz-rich conglomerate samples exhibit smaller increases in the normalized porosity of only up to four times (sample F2). Except for the mafic rock, samples of the same rock class show increases in the normalized porosity upon thermal cycling of the same order of magnitude.
Our measurements are consistent with prior work, which found that the porosity increases with heat treatment up to a specific temperature. Johnson et al. [57] showed an increase in the porosity of quartzite and granite up to 800 C and [42] reported that the porosity of granites increased up to 600 C. Both studies concluded that the porosity increases between 105°C and 500 C are small and attributed them to the opening of pre-existing micro-cracks and/or to the nucleation and extension of new cracks. They found the largest porosity increases between 500°C and 600 C and explained them by the connection of the crack networks created at lower temperatures and by an increase in the number of open cracks. Hajpál and Török [58] attributed the increase in the porosity in calcite-cemented sandstones to thermal expansion and mineral decomposition. Thermal expansion appeared as micro-cracks generated at grain boundaries above 600 C and within the grains at and above 750 C. The formation of micro-cracks was ascribed to the volume expansion that accompanies the quartz inversion, while mineral decomposition refers to the shrinkage of clay minerals due to loss of structural water at temperatures up to 450 C. Moreover, Hajpál and Török [58] report that the decarbonation of calcite leads to volume and porosity increases.
Mafic rocks have low carbonatic and quartz contents and therefore, based on the literature, the porosity increase is expected to be small, as observed for samples M2 and M3. We attribute the large increase in porosity of sample M1 to that sample's relatively high content in weathered feldspars and chlorites, see Fig. 2(a) . For felsic rocks and quartz-rich conglomerates, the porosity increases are explained by the quartz inversion and by the dehydration of clay and hydrate minerals (chlorite and sericite). In the limestones, the increase in porosity is due to the samples' high content of calcite, which decomposes according to the decarbonation reaction. The decomposition of calcite and the quartz inversion are responsible for the increase in porosity of the sandstones. In the serpentinite, the porosity increase is attributed to the dehydration of serpentine.
As already mentioned, some felsic rock, calcareous sandstone, and limestone samples disintegrated after 20 cycles. The disintegration of felsic rock sample F2 is explained by the presence of foliation planes formed by alignments of micas. This explanation is consistent with statements by Allen et al. [18] and Tiskatine et al. [21] that foliated rocks disintegrated and were therefore considered to be unsuitable for TES. For the calcareous sandstone samples CS4 and CS5, the disintegration is ascribed mainly to the combined effect of the decarbonation of the calcitic cement and the anisotropic thermal expansion of quartz. In addition, as mentioned in Section 3, the thermal expansion of calcite is highly anisotropic, which weakens sandstones during thermal cycling even below the temperatures at which calcite decomposes. For limestone samples L4 and L5, the disintegration is attributed to the decarbonation of calcite. Fig. 9 shows sample L5 before thermal cycling as well as after 20 and 40 cycles. After thermal cycling, the formation of a completely detached layer of lime is visible, confirming the decarbonation reaction. Moreover, we note that sample L4, having withstood 40 thermal cycles, disintegrated after being left at room temperature for a few days. Similar behavior of calcite-cemented sandstones was reported by [58] and explained by the formation of portlandite (Ca(OH) 2 ) from lime and humidity in the atmosphere. We note that the large and anisotropic volumetric expansion of quartz is often said to be responsible for cracking and fracturing, see, e.g., Skinner [59] . However, Fig. 8 shows that despite its high quartz content, the porosity of the quartz-rich conglomerate samples increased only minimally. The samples exhibited no signs of either fracturing or disintegration after thermal cycling. We attribute this to the comparatively large porosity and large grain size of the conglomerates that might allow for thermal expansion of minerals at high temperatures and that may reduce the formation and growth of cracks. The mafic and felsic rocks showed a color change from white/ gray to dark brown. The sandstones' light brown color acquired a reddish hue whereas the limestones acquired a white color. The surface of the sandstones and limestones adopted a powdery consistency. The quartz-rich conglomerates showed a more intense reddish color but no visible changes in texture while the serpentinite presented a color change from greenish-black to grayisholive.
Resistance to thermal cycling
The change in color of the mafic and felsic rocks, calcareous sandstones, and quartz-rich conglomerates is attributed to the irreversible dehydration of Fe-rich minerals at temperatures of 250-300 C, see Chakrabarti et al. [60] , Hajpál and Török [58] . The more friable texture exhibited by sandstones is attributed to the internal rupture of quartz grains following Chakrabarti et al. [60] . The powdery white layer present on the limestones and on the sandstones is explained by the production of lime through the decarbonation reaction, consistent with the observations reported in Section 5.2. The color change of the serpentinite is explained by the deserpentinization of serpentine and formation of olivine, consistent with the observations of Coleman and Keith [61] during the serpentinization reaction.
Implications
Our results show that thermal cycling leads to decreases in the specific heat capacity and increases of the porosity of rocks and that it causes the fracturing and disintegration of rocks with high quartz or calcite content. These results have three implications.
The first implication concerns the selection of rocks for use in a packed-bed TES. The fracturing and disintegration of rocks should be avoided because fragments can get lodged in the voids between the rocks and thereby lead to clogging of the packed bed. Clogging causes non-uniform heat transfer and increased pressure drops and hence reduces the efficiency of the storage. If the fragments are small enough to be entrained by the HTF, they could be transported out of the storage and clog pipes and valves and, for AA-CAES plants, lead to erosion of turbine blades. Since we found that disintegration occurred mainly for rocks with high quartz or calcite content, such as limestones and calcareous sandstones, such rocks should not be cycled to temperatures higher than those for which the quartz inversion and the decarbonation reaction occur, namely 573 C and about 600 C, respectively. Also, it should be noted that the decarbonation reaction should be avoided in atmospheres with high humidity to prevent the formation of portlandite. This may rule out the use of limestones as storage material in AA-CAES plants depending on the thermal cycling temperature and the humidity of the air in the cavern. If limestones and sandstones should be avoided as storage material, the use of rock collections from fluvial deposits containing limestones and sandstones may be called into question.
In addition to the disintegration caused by thermal cycling alone, we also need to consider the disintegration that could be caused by the combination of thermal cycling and the contact forces to which rocks are subjected in a packed bed. To prevent disintegration of rocks in a packed bed, the stresses induced by the contact forces must be smaller than the fracture strength of the rocks. The fracture strength of rocks under compression has been reported to decrease exponentially with the porosity because of the lower energy required to propagate cracks through void spaces rather than by forming grain fractures, see Dunn et al. [62] and Kılıç and Teymen [63] . Therefore, rocks with low values of the porosity after cycling, such as mafic rocks, felsic rocks, the serpentinite, and the quartz-rich conglomerate are expected to better withstand the contact forces in a packed bed under thermal cycling, which would make them suitable for use near the bottom of the storage.
It must be mentioned here that rejecting rocks based on their observed disintegration-or the anticipated disintegration caused by an increase in porosity-under the thermal-cycling conditions chosen for this study may lead to the rejection of rocks that might withstand the thermal-cycling conditions in a real TES. The reason is that, as explained in Section 2, the cycling conditions chosen for this study combine the single heating rate of 2:6 C/min with the single temperature range of 135 C to 620 C whereas the cycling conditions in a real TES are characterized by position-dependent heating rates and smaller temperature ranges, see Fig. 1 . Therefore, the rocks that were judged above to be suitable for TES represent a conservative choice.
However, it must also be recognized that the cycling conditions in this study were chosen to keep the maximum outflow temperature during charging sufficiently low. Limiting the maximum outflow temperature influences the temperature range to which rocks in nearly the entire storage are subjected. Any change in the cycling conditions that causes the maximum outflow temperature to increase significantly might therefore affect which rocks are judged to be suitable-even if the charging and discharging temperatures and hence the maximum and minimum temperatures in the storage remain the same. An example of such a change is an increase of the charging and discharging durations.
The second implication relates to the decrease in the specific heat capacity caused by thermal cycling. As mentioned in the introduction, storage materials should have a high specific heat capacity because this increases the volumetric storage capacity and hence decreases the required storage volume. This argument is based on the maximum storage capacity, which, assuming that the entire TES is cycled between the charging and discharging temperatures and that the HTF and rock temperatures are identical, is given by
According to Eq. (5), a reduction in the specific heat capacity of the rocks due to thermal cycling leads to a reduction in the maximum storage capacity. However, the maximum storage capacity can be achieved in practice only if the outflow temperatures during charging and discharging are equal to the charging and discharging temperatures, respectively. This is usually impossible because of temperature restrictions imposed by equipment located downstream of the TES, such as the cavern and turbine in an AA-CAES plant. The storage capacity that is actually achieved in practice is given by 
where t c and t d denote the ending times of successive charging and discharging phases at the quasi-steady state, respectively. The obvious question is thus how the reduction in the specific heat capacity due to thermal cycling affects the actual storage capacity. The answer is less obvious because the specific heat capacity affects the storage capacity not only directly, but also indirectly through the temperature profile.
To answer the question, the simulations of Section 2 were repeated. The simulation conditions were identical except for the specific heat capacity of the rocks, which was computed from a curve fit of the average specific heat capacity of the rocks after thermal cycling, c p;s ðTÞ ¼ 0:673 þ 2:76 Á 10
where the temperature is in C. In Fig. 11(a) , the temperature profiles at the ends of the successive charging and discharging phases at the quasi-steady state are presented. It can be seen that the temperature range to which rocks are subjected has increased slightly except near the bottom of the storage. The increased temperature range is expected because a reduced specific heat capacity means that less thermal energy can be stored by the rocks, so the temperature fronts during charging and discharging propagate farther into the storage. The increased temperature range is consistent with an increased thermocline speed, see Vortmeyer and Schaefer [64] , caused by the reduced specific heat capacity. In Fig. 11(b) , we show the quasi-steady-state results for dQ =dz, which can be interpreted as the local storage capacity per unit height. It can be seen that the local storage capacity per unit height is reduced in roughly the bottom and the top quarters of the storage, but is actually increased over the middle half, where the increased temperature range outweighs the reduced specific heat capacity. As a result, the actual storage capacity after thermal cycling decreases by only 0.04 % relative to that prior to thermal cycling. Furthermore, because the maximum storage capacity Q max decreases by 12 % due to thermal cycling of the rocks, the storage utilization factor Q =Q max actually increases from 18 % to 21 %. It should be noted that the impact of the reduced specific heat capacity on the cycle exergy efficiency is minimal; it decreases from 97:6 % to 97:5 %.
The final implication pertains to the identification of rocks that are suitable for TES. We note that our qualitative explanations of the reduction in the specific heat capacity and the increase in the porosity of the rocks in response to thermal cycling are based on their mineralogical and chemical composition. Thus we expect rocks with similar mineralogical composition-such as a metamorphic rock and its protolith, irrespective of whether the latter is igneous or sedimentary-to exhibit similar behavior upon thermal cycling. This expectation is borne out by Table 1 . For example, the table shows that marbles and limestones have been found to be unsuitable for TES. Although these rocks belong to different types, they are both composed mainly of calcite. Furthermore, in our study serpentinite has shown good resistance to thermal cycling, which is consistent with the assessment of peridotite, which is the protolith of serpentinite. Therefore, the identification of rocks that are suitable for TES should consider their mineralogical and chemical composition and not only whether the rocks are igneous, sedimentary, or metamorphic, as is often done in the literature.
Conclusions and further work
Our investigation of the effects of up to 40 thermal cycles between temperatures of about 100 C and 600 C on six Alpine rocks leads to the following conclusions:
1. Thermal cycling decreases the specific heat capacity of the rocks. The decreases are attributed to chemical reactions such as mineral dehydration starting at about 400 C and decarbonation of calcite and deserpentinization above about 600 C.
2. Simulations indicate that the decreased specific heat capacity does not lead to a significant reduction in the storage capacity of a packed-bed storage. Therefore, rocks that exhibit significant decreases in the specific heat capacity due to thermal cycling do not necessarily have to be regarded as unsuitable storage materials. 3. Thermal cycling increases the porosity of the rocks. The increases are attributed to the same chemical reactions that increase the specific heat capacity, physical reactions such as the a-b quartz-inversion at 573 C, as well as differential and/or anisotropic thermal expansion of minerals. 4. Thermal cycling can cause fracturing of rocks along foliation planes, through the thermal expansion and decarbonation of calcite, and the thermal expansion and inversion of quartz. Because the fracturing of rocks in a packed bed must be avoided, foliated rocks and rocks that are rich in calcite and/or quartz, such as limestones and sandstones, are not suitable storage materials if they are exposed to temperatures higher than about 600 C or 573 C, respectively. 5. Because increases in the porosity lead to decreases in the fracture strength under compression, rocks that have relatively low porosity before thermal cycling and exhibit small increases in porosity during thermal cycling are more likely to withstand the contact forces in a packed-bed storage. Therefore, mafic rocks, felsic rocks, the serpentinite, and the quartz-rich conglomerate are judged to be suitable storage materials. 6. The unsuitability of limestones as storage material at temperatures above about 600 C matches the observations of Riaz [14] , Allen et al. [18] , and Tiskatine et al. [21] . The suitability of mafic rocks as storage material is consistent with the assessment of amphibolites by Geiger [17] . 7. The unsuitability of sandstone as storage material at temperatures above 573 C is consistent with the findings by Allen et al. [18] . This result partially disagrees with the conclusions of Tiskatine et al. [21] , however, who claimed quartzitic sandstone to be suitable up to 650 C. This disagreement, which might be rooted in different chemical and mineralogical contents of the sandstones, confirms again the need for sitespecific studies of rocks. (a) ( b) Fig. 11 . Comparison of (a) the simulated thermocline profiles at the ends of the charging and discharging phases at the quasi-steady state using correlations for the average specific heat capacities before and after thermal cycling, and (b) the corresponding achieved storage capacity. 
